The individual and combined effects of biochar (B) and inorganic fertiliser (F) have all been widely proofed to improve soil fertility and enhance crop growth and yield under irrigation (I) and rain fed conditions. However, the strength of their individual and combined effects on crop productivity has been scarcely reported. In addition, few studies have assessed their individual and co-application effects on economic returns. Therefore, a 2-year field experiment which consisted of factorial combination of irrigation (I) [100% full irrigation (FI), 80% FI and 60% FI], biochar (0 and 20 t/ha) and fertiliser (0 and 300 kg/ha) was conducted. According to the results, irrigation was the dominant factor that influences maize grain yield, followed by inorganic fertiliser and biochar, and they were all significant in their main effects. The strength of interaction effects among, I, F and B on maize grain yield follow the sequence F × I > B × F > B × I. The economic analysis showed that the ternary combination of B, F and I was more economical than the binary combination of B plus I, and F plus I (in that order), when compared with the standalone application of I at maximum production in the field experiment. In addition, combined applications of biochar and fertiliser improved soil nutrients, nutrient uptake in all irrigation treatments, compared to the standalone applications of biochar or fertiliser. Further research is, therefore, recommended for long-term evaluation of the economic viability of integrating biochar with fertiliser under irrigation.
Introduction
Optimal management of natural resources including soil and water is critical to a sustainable increase in crop production, to cope with the ever-growing food and fibre demand. This is essential as water scarcity and soil infertility have been identified as the two major limiting factors affecting crop production (Zou et al. 2008; Zhang et al. 2013) . Moreover, it has been established that the amount of water used in irrigated agriculture may not be sustainable in the face of competing water need and a steadily growing population (UNDESA 2009) .
Soil improvement by amendment with inorganic fertiliser has been widely reported by several researchers to increase the yield of crops (Mando et al. 2005; Topoliantz et al. 2005; Faloye et al. 2017) . Moreover, integrative approach of increasing crop productivities with the use of inorganic fertiliser and more sustainable compound like biochar has been reported to outperform the individual application of inorganic fertiliser (Mete et al. 2015; Agbna et al. 2017) .
Biochar is globally and commonly used when the intention is to improve soil water retention capacity (Asai et al. 2009; Agbna et al. 2017) . This is a result of increased water scarcity in some parts of the world, particularly in the tropics (Gwenzi et al. 2015) . The addition of biochar as amendment materials to agricultural soils is receiving much attention due to the apparent benefits of biochar to soil quality, as well as its potential to sequester carbon in the soil; which is beneficial in mitigating climate change (Major et al. 2009; Woolf et al. 2010; Sohi et al. 2010) . Studies conducted by several researchers (Oguntunde et al. 2004; Chan et al. 2008; Karhu et al. 2011; Ajayi et al. 2015; Ajayi and Horn 2016; Faloye et al. 2017 Faloye et al. , 2019 have shown that biochar enhance soil nutrients retention, improves cation exchange capacity (CEC), decrease soil acidity, improves crop nutrient and water use efficiency, improves soil structure, water-holding capacity, unsaturated and saturated hydraulic conductivity (Lehmann et al. 2006; Asai et al. 2009; Faloye et al. 2019) . Tenenbaum (2009) and Kolton et al. (2011) reported that many of the benefits of biochar as a soil amendment can be attributed to the large surface area of biochar and elaborate pore structure, which is favourable for the bacteria and fungi that some plants require to take in nutrients from the soil. This permeable quality enhances the soils capacity for retaining water and soil nutrients, and also inhibits the contamination of water systems (Lehmann 2007) .
In addition to improvement in soil properties consequent upon biochar addition, its individual and co-application effects with fertiliser on crop productivities have been widely reported (Akhtar et al. 2014; Agbna et al. 2017; Faloye et al. 2019 ). However, the strength of its individual and combined effects with inorganic fertiliser and irrigation have scarcely been reported. In addition, the individual, binary and ternary combination effects of biochar, fertiliser and irrigation on crop economic return have not been well investigated. The economic return investigation would enable farmers to decide on possible adoption of the technology for the cultivation of highly economic crop like maize (Agbato 2003; Dutt 2005) , since it is one of the highest water and nutrient demanding crops (FAO 1998; Carsky and Iwuafor 1995; FAO 1998) . Therefore, optimizing soil and water resources for maize cultivation is very crucial, while the economic evaluation of maize productivity must be taken into account. Therefore, the objectives of this study were (1) to construct a yield function to examine the combined effects of inorganic fertiliser (F), biochar (B) and irrigation (I) on maize productivity using field-obtained experimental data; (2) to use the estimated yield function in the derivation of optimum application rates of F, B and I based on the criteria of maximum grain yield and best economic returns; and (3) to determine the influence of biochar and inorganic fertiliser applications on the nutrient uptake (based on analysis of nutrient composition) by maize grain under deficit irrigation management. Detailed information about the weather condition during the growing season is provided in Faloye et al. (2019) . The soil textures at different depths (20, 40 and 60 cm) were determined using the hydrometer method in the laboratory and the soil textural triangle was used to determine the soil textural class according to soil survey staff (2006) . The field capacity (FC) was determined in the field when the Ceramic tip tensiometer (Irrometer Inc) reading was 10 kPa, while the permanent wilting point was derived from a previous study at the experimental site (Fasinmirin et al. 2014) .
Materials and methods

Description of experimental site, soil and biochar characterisation
The process of obtaining maize cobs, production and characterisation of maize cob-residue biochar used in this study are described elsewhere (Faloye et al. 2017 (Faloye et al. , 2019 . The biochar was produced using an existing electrically powered fixed bed batch type pyrolysis system, which has a complete feature of a pyrolysis system, and with high capacity, which on average contained about 459 g of maize cobs (after being air dried) per batch of biochar produced. The full description of the pyrolysis system is illustrated in Fig. 1 .
After the reactor was filled with the appropriate amount of dried biomass, it was placed in the pyrolysis plant ( Fig. 1) for the start of the charring process. The most significant recordings were the measured weight of the biomass before pyrolysis and the biochar weight after production. This was done to calculate the percent of biochar produced in the system which on average yielded 26% biochar by mass using the electrically powered fixed bed batch type pyrolysis plant. The biochar material was crushed into finer fractions using a mill and was sieved to ≤ 2 mm particle size to permit thorough mixing of biochar with soil at the experimental site. Detailed information about the size distribution of biochar is described in Faloye et al. (2019) . The soil and biochar physico-chemical properties are illustrated in Tables 1 and 2.
Field experimentation
Field portion of about 40 m × 40 m was ploughed and harrowed for effective seedbed formation to obtain optimum tilt condition for planting maize. Thirty-six seedbeds were thereafter prepared, with each seedbed measuring 2.2 m wide and 2.5 m long. The spacing between and within the crop row for the drip irrigated maize were 0.9 and 0.6 m, respectively. Biochar application at two different rates (0 and 20 t/ha) were considered for the field experiment. Biochar at 20 t/ha incorporated into the top 0.2 m and was evenly and manually mixed with the soil at the experimental site. These low application rates were considered appropriate for improving maize yield in nutrient degraded soils based on the report of previous studies (Major et al. 2010; Uzoma et al. 2011; Ndor et al. 2015) .
The experimental design used in this study was a 3 × 2 × 2 full factorial, consisting of irrigation, fertiliser and biochar. All the factors (irrigation, fertiliser and biochar) were combined at different rates and replicated 3 times. Irrigation treatments were orthogonally arranged to fertiliser only, biochar only, biochar + fertiliser and no biochar + no fertiliser, which were all applied as strips. The treatments consisted of two levels of biochar (0 and 20 t/ha), two levels of inorganic fertiliser (NPK) [0 and 300 kg/ha (15:15:15)] and three irrigation treatments [100%, 80% and 60% full irrigation treatment (FIT)] which were all factorially combined together to form a total of eleven (11) treatments and a control (unamended) ( Table 3) , replicated three times forming a total of 36 plots. In both growing seasons, full and deficit irrigation were imposed after planting maize.
After applying biochar to the field soil, irrigation was applied. The pre-planting irrigation was applied to the field soil, to make water available for maize seed germination in the soil. At planting, seeds were manually planted in soil depth 4-5 cm. The variety of maize planted was an improved maize (Zea mays L.) variety (Suwan 1-Sr). Maize seeds were planted on the 13th of February, 2017 (first season of the field experiment) and 7th of November, 2017 (second season of the field experiment). Three maize seeds were sown per hole and thinned to two plants, 2 weeks after planting. The plant population in this experiment is close to the recommended plants population of 53,333 by IITA (2014) which is obtainable with plant spacing of 50 cm by 75 cm. NPK Fig. 1 Fixed bed batch type pyrolysis plant (1-furnace; 2-delivery tube; 3-condenser units; 4-collector cork; 5-delivery tube; 6cylinder; 7-ice bath container; 8-collector; 9-thermocouple with temperature controller) Table 1 Pre-planting soil (0-20 cm) and maize cob-residue biochar physico-chemical properties Mg is magnesium (mg/kg), Ca is calcium (mg/kg), Na is sodium (mg/ kg), K is potassium (mg/kg), CEC is cation exchange capacity (cmol/ kg), and P is phosphorus (mg/kg)
Properties
Soil (2017) fertiliser was only applied once, a week after planting using the ring method. The inorganic fertiliser used for the experiment is a water-soluble compound fertiliser with brand name Golden Fertiliser. The drip lateral used for irrigation at the experimental site was made of polyethylene material, 13 mm diameter and 0.6 m emitter spacing with an average discharge of 0.71 L/h at operational pressure of 20 kPa. Ceramic tip tensiometers (Irrometer Inc) were installed at the experimental field, and were installed at soil depths of 20, 40 and 60 cm in the unamended (F 0 B 0 I 100 ; control) plot for proper irrigation scheduling. The tensiometers were installed at different depths, since plants rooting depth increases with days after planting (DAP). Therefore, at seedling stage, vegetative and flowering till maturity, scheduling at 20, 40 and 60 cm soil depths were, respectively, used. This method of scheduling irrigation is similar to the approach of Gheysari et al. (2015) . After planting maize, each plot in the 100% FI of the unamended plot was scheduled to be irrigated to FC, when about 50% of FC has been depleted. The soil water tension corresponding and serving as the threshold before irrigation must be applied was 62 kPa. Detailed information about the relationship between the soil water content and tensiometer readings are reported in Faloye et al. (2019) . The 80% and 60% FI treatments received 80% and 60% of the estimated irrigation needed in the control plot (F 0 B 0 I 100 ).
At maturity, all maize plants were harvested in each plot to determine the total biomass (stem, tassels, leaves, maize cobs and grain yield) as described by Faloye et al. (2019) . Only measured grain yield data recorded for both growing seasons are reported in this study, since it is the only yield component of maize that is most important for economic return evaluation. The grain yield was determined from shelled ears, which were adjusted to 13.5% water content. At harvest, soil physico-chemical properties were determined following the procedure described in Faloye et al. (2017) in both growing seasons (2017 and 2017/2018 growing seasons). In the 2017 growing season, soil physical and chemical properties were determined in the replicas of each treatment without considering the irrigation treatments (soil samples collected from the replicas of F 0 B 0 , F 300 B 0 , F 0 B 20 and F 300 B 20 in each irrigation treatment were mixed together and used for the soil laboratory analysis). In addition, nutrient uptake by maize was not determined. However, in the 2017/2018 growing season, a more holistic approach was used by considering how the effects of irrigation on the physical and chemical properties of soil determined the nutrient uptake by maize grain in each treatment.
Laboratory analyses
The Kjeldahl method was used for the determination of the soil total nitrogen. Available phosphorus was determined using extractable solution of sodium bicarbonate (Oslen et al. 1954) . CEC measures was determined using ammonium acetate, that is, measuring the total amount of a given cation needed to replace all the cation from a soil exchange site and it was expressed in centimoles per kilogram (cmol/ kg). The exchange sites were saturated with the NH 4 + and the leachates were analysed for exchangeable cations (K, Na, Ca and Mg). The concentrations of these base cations were thereafter measured using atomic absorption spectrophotometry. The soil organic carbon (SOC) was determined using the Walkley-Black Chromic acid titration method. Thereafter, SOC was converted to organic matter by multiplying it by a factor of 1.72. In addition, soil pH was determined using electrometric method.
Laboratory analyses were also carried out on maize grain to determine grain nutrient concentration following standard laboratory procedure as described in Uzoma et al. (2011) . The maize grain nutrients (total N, P and K) uptake by the maize grain as influenced by irrigation, biochar and fertiliser applications were further determined by multiplying the grain nutrients by measured grain yield (Uzoma et al. 2011). 
Statistical analysis
Maize grain yield was analysed by full factorial analysis of variance (ANOVA) and the means were compared with Tukey's test at P <0.05. Three-way ANOVA were used to test for main and interactive effects of biochar and inorganic fertiliser addition on the grain yield. The yield data were analysed using Minitab version 17 (Minitab, Inc). Visual illustrations (graphs) were generated by adopting the response surface technique. Full quadratic models were tested and evaluated. The grain yield quadratic model was obtained by analysing the response surface design to identify and establish the inter-relationships that exist between biochar, fertiliser, irrigation and the grain yield. Adequacy of the selected model was evaluated by the value of the coefficient of determination R 2 . The full quadratic model was a choice among other yield regression models (linear, linear + square and linear + interaction), because it accurately predict grain yield most (Faloye et al. 2017 ).
In addition, the order of importance of each component (biochar, fertiliser, irrigation) and their interactions on grain yield were determined using the Pareto chart of the standardized effects embedded in Minitab version 17 (Minitab, Inc).
Economic profitability
Average data of grain yield for the two growing seasons was used for the economic analysis to adequately determine the profitability or of using drip irrigation for the cultivation of maize in combination with biochar and fertiliser in the short term. The analysis compared inputs and outputs under different irrigation managements and soil amendments (biochar and inorganic fertiliser) to provide information on how to maximize grain yield and make more profit through the integration of soil amendments (biochar and fertiliser) with irrigation. The economic profitability/loss based on the averaged results of the two seasons was calculated based on land hectarage. Costs incurred in the maize grain production and the selling price of maize grain at harvest were considered for economic return. The costs considered include seed, fertiliser, pest insecticide (Cypermetherin), labour costs incurred in land preparation, weeding, and irrigation. The costs of the water tank plus plumbing work, drip lines, accessories and PVC hose were included in the irrigation cost. The researchers did the plumbing work, set up and coupled the irrigation accessories. Underground water which was used for irrigating maize was pumped into overhead tanks using an existing electric pump, and was not paid for since it was done by the researchers. In addition, the researchers produced the biochar themselves using an existing pyrolysis plant and were not paid for. No money was incurred on pyrolysis plant and pumping machine maintenance all through the experiment. The price of maize grain was $165 per ton at the time of harvest (FAO 2018) based on the average price of maize at harvest in 2017 and 2017/2018 growing seasons. The addition of the costs of all the items mentioned above were used to determine the total cost of production for I, BI, FI, and BFI.
Economic profit of growing maize, EP, was calculated by the relationship between outputs (i.e., the maize grain yield times the price of maize grain) and input costs.
Results and discussion
Grain yield data
The average maize grain yield of each treatment during the two growing seasons (2017 and 2017/2018) ranged between 2.55 and 5.80 t/ha ( Table 4 ). The application of biochar and fertiliser improved grain yield under the different irrigation treatments. The observed improvement in the grain yield was a result of the improvement in the hydro-physical properties (soil water sorptivity, infiltration rate, hydraulic conductivity, bulk density, porosity and the water-holding capacity) of the soil, which consequently improved water use by maize (Faloye et al. 2019 ). In addition, the combined application of biochar and fertiliser to the field soil positively influenced the soil nutrient availabilities [CEC, pH, potassium (K), phosphorus (P), nitrogen (N) and organic carbon] for the maize plant. Detailed explanation about how biochar improve grain yield under different irrigation treatments and its effect on the growth, yield and water use efficiency of maize is reported in Faloye et al. (2017) and Faloye et al. (2019) , which are part of this study published elsewhere. In addition, several other researchers have similar reports (Akhtar et al. 2014; Laghari et al. 2015; Ajayi and Horn 2016; Liu et al. 2017) . Pareto analysis of the standardized effects for the grain yield data showed that irrigation is the most dominant factor contributing to maize yield (Fig. 2) , followed by fertiliser, while biochar played a minor role. Irrigation being the largest contributor to maize yield might be a result of complete dryness during the 2017/2018 growing season, showing the importance of water to plant growth. The interactive effects of B, I and F on maize grain yield were all less than their main effects (Fig. 2) . By comparing the absolute values of the contribution magnitude, the strength of the interaction effects of B, I and F on maize grain yield followed the sequence
The pareto analysis showed that irrigation, fertiliser and biochar contributed 36.74%, 31.47% and 11.52% to the maize yield, respectively. In addition, the combined application of fertiliser plus irrigation, biochar plus irrigation, biochar plus fertiliser, and biochar plus fertiliser plus irrigation contributed 10.60%, 5.31%, 3.00%, and 1.44% to the maize grain yield, respectively. The result of the analysis showed with when biochar is applied alone or with fertiliser, some amounts of water required for maize productivity were saved, and the grain yield also increased. This is evident in Fig. 2 , since insignificant differences (P > 0.05) exist between biochar × irrigation, as well as between fertiliser × irrigation × biochar. However, significant difference (P < 0.05) exist between fertiliser × irrigation on the grain yield, showing the higher water demand by maize, when fertiliser was applied alone. Contrarily, when biochar and fertiliser were applied together, there was reduction in the water demand by the maize plant for equivalent yield, which is also confirmed by the non-significant (P > 0.05) interaction between irrigation × biochar × fertiliser. The decrease in maize water demand upon biochar addition might be attributable to biochar's ability to improve soil water-holding capacity (Akhtar et al. 2014; Laghari et al. 2015; Ajayi and Horn 2016; Liu et al. 2017; Faloye et al. 2019 ).
Grain yield function
The best fitted grain yield function, which quantified the relationship between maize grain yield (Y) and biochar (B), fertiliser (F) and the irrigation (I) are illustrated in Eqs. (1)-(3). Equation (1) forms the general full quadratic equation, while Eqs. (2) and (3) form the categorical equation at F 0 and F 300 , respectively: Note: the symbol "****" stands for the significance at the level of P = 0.0001, "***" stands for the significance at the level of P =0.001, "**" stands for the significance at the level of P = 0.01 and the symbol ''*'' for the significance at the level of P = 0.05.
The response surface depicting the relationship between biochar, fertiliser and the grain yield are illustrated in Fig. 3 . The grain yield functions (Eqs. 1-3) analysed the response surface (Fig. 3) .
The maximum yield was obtained by solving yield function 3, while the minimum yield was obtained by solving yield in Eq. (2). The coefficient of determination (R 2 ) for the regression in Eqs. (1)-(3) is 0.91. In addition, the coefficients of BF and BI were not significant at P = 0.055 and P = 0.26, respectively, while the coefficient of FI was significant at P = 0.0001. Considering the importance of B, F and I on maize grain yield, the parameters in Eq. (3) were all taken into account when estimating maize grain yield in this study. Equation (3) appropriately described the combination effects of water management, fertiliser and biochar input on maize grain yield in the tropical environment area examined in this study. It accounted for 91% of the variation in maize grain yield. Because of accuracy and explicitness, Pareto analysis has been used to analyse the main effects as well as the interaction effects between B, F and I on maize grain yield.
Considering the 2-year average (2017 and 2017/2018 growing seasons) yield data, the largest value was observed for I, indicating that I was the dominant factor influencing maximum maize grain yield. Similarly, F was recognized as a secondary factor determining maize grain yield and followed by B as the third factor influencing the maize grain yield. These results are consistent with findings from other studies around the world. Water is very important to plant growth everywhere in the world. In addition, inorganic fertiliser input has a large effect on maize grain yield, because maize production is an extractive process, with removal of maize equating to removal of nutrient from the soil (which implies that maize production largely depend on adequate soil nutrient supply), especially nitrogen (Lawlor et al. 2001;  (1) Y = − 4.4 * * * * + 0.0332B * * * + 0.00653F * * * * + 0.0705I * * * * − 0.00015I 2 − 0.000013BF * * * − 0.000046BI − 0.000009FI * * * * ,
(2) Y = − 4.4 * * * * + 0.0332B * * * + 0.0705I * * * * − 0.00015I 2 − 0.000046BI ≡ F 0 ,
(3) Y = − 2.44 * * * * + 0.0371B * * * + 0.0677I * * * * − 0.00015I 2 − 0.000046BI ≡ F 300 . Peng et al. 2012) . The significant effect of irrigation on maize grain yield in the study area is applicable everywhere and easily understood. This is because water is important for the improvement of plant growth and yield. It should be noted that the application of maize cob-residue biochar to soil in this study had significant main effect on grain yield, emphasising the importance of biochar in enhancing the growth of crop and productivity. yield for individual effects of I, B and F
Maximum
The individual effect of I on maize grain yield derived from Eq.
(2) is presented in Fig. 4 . The relationship between maize grain yield and I can be modelled using the secondorder parabolic equation (Eq. 4):
Apexes were observed when examining the trend of maize grain yield as the rates of I increased. Before the apex, maize grain yield increased as the rates of I increased. After the apex, maize grain yield decreased as the rates of I increased. This finding indicates that there must be optimum application rates of I when implementing agricultural management practices to improve maize grain yield. The optimum application rates of I as individual influencing factors on maize grain yield was determined using marginal yield curve (Fig. 5) , which was the first-order differential analysis of Eq. (4). The marginal yield showed a monotonic descending trend with the increasing rates of I and had intersections with the x-axis.
To examine the individual effects of F and B on maize grain yield, each factor was selected as an independent variable, while the other two factors are fixed at 0 in Eqs. (5) and (6). Then a subset of equations of yield function was derived, respectively, as
The intersection point revealed the optimum application of I. The intersecting point was 235 mm for I. The optimum fertiliser and biochar applications were 300 kg/ ha and 20 t/ha, respectively. The maximum yield corresponding to the individual optimum applications of B, I and F were − 3.74, 3.89 and 0 t/ha, respectively. It should be noted that optimum yield when biochar and fertiliser were applied alone or when applied together without irrigation (water supply) is not feasible, and that is the possible explanation for the negative and zero maximum (4)
yield obtained for maize when biochar and fertiliser were individually applied.
Maximum yield for the interaction effects between B, F and I
The interaction of B and I effects on maize grain yield was determined by fixing F at 0. In general, the maize grain yield increased as the application rates of I increased. The optimum application rates of B and I for the maximum grain yield (4.53 t/ha) were 20 t/ha of B and 231.93 mm of I. The optimum application rates of F and I for the maximum grain yield (5.20 t/ha) were 300 kg/ha and 225.67 mm. In addition, the optimum application rates of B and F for the maximum grain yield (− 1.7 t/ha) were 20 t/ha and 300 kg/ ha, respectively. The negative value obtained for maximum grain yield for the binary combination of B and F, indicated the importance of water. The optimum application rates of B, F and I were estimated to obtain the maximum grain yield for the ternary combination (BFI). To maximize maize grain yield, we set the first-order partial derivatives of Eq. (3) to zero to obtain Eq. (7): By solving the above equations, the maximum maize grain yield, 5.74 t/ha was obtained when the optimum application rates of B, F and I were 20 t/ha, 300 kg/ha and 222.6 mm, respectively. The optimum scheme indicated by the ternary combination enabled farmers to maximize maize grain yield by adjusting management practices.
GY I = 0.0677 − 0.0003I − 0.000046B = 0.
Economic evaluation
The outcome of the economic evaluation of the maize cultivation and production with biochar and inorganic fertiliser applications under water-limiting conditions is shown in Table 5 . The average cost of producing maximum yield of 3.89-5.74 was between $1707 and $1838. The gross revenue also ranged between $642 and $947. The results showed that the lowest economic loss was obtained when I, B and F were applied together, compared to standalone application of irrigation, and also compared to the combined applications of biochar plus irrigation and fertiliser plus irrigation. Ternary combination of I, B and F reduced economic loss most using the average grain yield data for the 2 consecutive years of the field experiments, as compared to the unamended plot by 16.34%, while the combined applications of irrigation plus biochar and fertiliser plus irrigation at maximum maize production reduced economic loss by 9.86% and 7.98%. Therefore, the ternary combination of biochar, fertiliser and irrigation is recommended because of its relatively high grain yield and superior return on investment (ROI). However, the binary combination of (B and I) is more economically better compared to binary combination of (F and I).
In addition, the optimum irrigation water required to produce maximum yield was reduced when combined with biochar and fertiliser (Table 5 ). This implies that in regions, where there is water scarcity, the addition of biochar could reduce irrigation cost and also enable farmers to make more profit or reduce loss.
Influence of biochar and inorganic fertiliser amendments on grain nutrient concentration and uptake under different irrigation treatments
The various measured maize grain total N, P and K concentration, under the irrigation and biochar and fertiliser treatments are presented in Table 6 . The main effects of irrigation, biochar and inorganic fertiliser treatments were significant in their effects on the maize grain quality parameters (P < 0.01). There was no significant interaction effects between I, F and B on the grain N, P and K except for the non-significant difference recorded in the interaction between biochar and fertiliser for grain P (Table 6 ). In addition, there was significant interactive effects between irrigation and inorganic fertiliser on N. Concentrations of N, P and K were greater in the maize grain grown under both deficit irrigation (DI) treatments (60% and 80% FIT), and the lowest N, P and K were obtained for the grain of plants grown under the full irrigation treatment (100% FIT). The observed decrease in grain's nutrient with increasing irrigation may be as a result of the nutrient dilution in the increasing total dry matter which increases with an increasing irrigation amount. Increase in P concentration obtained in all irrigation treatments consequent upon biochar application might be attributable to enhanced availability of P in the soil due to increased pH (Chan et al. 2008; Petter et al. 2012; Mete et al. 2015) . The decreased concentration of N with increase in irrigation is most likely associated with the dilution effect (Setiyono et al. 2010) , which may be responsible for higher yield obtained upon biochar addition compared to the unamended plot.
Grain nutrient uptake was significantly influenced by the irrigation treatments. Similarly, the soil amendments significantly increase maize grain nutrients uptake ( Table 7) . Result of the analysis shows that there was no significant difference (P > 0.05) in the effect of biochar on the nutrient uptake when applied alone and significantly (P < 0.05) different when combined with fertiliser under the different irrigation treatments. Grain total N, P, and K uptakes increased with irrigation and the effect of irrigation treatments on grain nutrient uptake, and the highest nitrogen, potassium and phosphorus were obtained at 100% FIT irrigation treatment when biochar and fertiliser were applied together. There was no significant difference (P > 0.05) in the interaction between biochar and irrigation, and the interaction between fertiliser and irrigation. In addition, there was no significant (P > 0.05) difference among biochar × fertiliser × irrigation. Therefore, overall results indicated that limited irrigation did not limit maize nutrient uptake in the field study. Data are means of three replicates; ns, not significant; *, significant at P ≤ 0.05; **, significant at P ≤ 0.01; ***, significant at P ≤ 0.001; ****, significant at P ≤ 0.0001 for both main effects of biochar, fertiliser and irrigation, and their interaction effects on grain nutrients (N, P and K) concentration The result from the study is consistent with the previous study by Guerena et al. (2013) who reported insignificant influence of biochar on maize grain N uptake. Nutrient uptake of N, P, and K in maize grains were greater at the fertiliser application rate of 300 kg/ha with biochar compared to unamended plot (control), treatments that received biochar and fertiliser application alone under all irrigation treatments ( Table 7) . The results from this research is consistent with the report of Steiner et al. (2007) who reported increased grain yields and plant N uptake with applied N rate at sites receiving charcoal and fertiliser as compared to mineral fertiliser alone.
The findings from our results proved and indicated that increasing plant N uptake through biochar amendment is one of the ways to improve N fertiliser use efficiency, especially in sandy soils, where N loss is a major environmental and agronomic problem, often associated with prolific leaching. Compared with control, grain P, K, and N concentration and uptake were significantly increased as a result of biochar application under different irrigation treatments. Lehmann et al. (2003) also observed an increase in nutrients concentration and uptake in plants with increasing biochar application rates. The increase in grain N, P and K concentration and nutrient uptake determined in this study as a result of biochar amendment could be attributed to the ability of biochar to enhance and retain nutrient supplied by the inorganic fertiliser. Since grain N, P, and K uptake increased with increase in grain yield, models for predicting maize grain yield based on the grain nutrient uptake as influenced by biochar and fertiliser should be developed. The increase in maize grain yield with respect to increase in nutrient uptake could be attributed to prevailing factors such as the environment, soils, atmospheric condition and treatments under the field study. Therefore, increased nutrient uptake reported in this field study could be a result of the field conditions, since environmental conditions such as increased solar radiation and carbon dioxide concentration in the field study may contribute to the increased nutrient uptake and consequently the maize yield increase (Krull et al. 2004) . Our findings in this field study corroborate the results of Major et al. (2010) who reported very high nutrient uptakes by maize upon biochar amendment under field condition.
Biochar and inorganic fertiliser effects on soil chemical property at harvest
The pH of the soil values increased when biochar was added in all irrigation treatments. However, there was a slight decrease when biochar + fertiliser was applied compared to when biochar alone was applied (Tables 8, 9) (Faloye et al. 2017 ). More holistic approach in determining the influence of biochar and fertiliser on soil organic matter and chemical properties under the irrigation treatments showed that the means of the soil chemical properties and soil organic matter generally decreased as the irrigation increased. Lower soil chemical properties observed under the 100% FIT might be as a result of leaching. Highest soil chemical properties and soil organic matter values were obtained in the deficit irrigation treatment (60% FIT) that received the least amount Data are means of three replicates; ns, not significant; *, significant at P ≤ 0.05; **, significant at P ≤ 0.01; ***, significant at P ≤ 0.001; ****, significant at P ≤ 0.0001 for both main effects of biochar, fertiliser and irrigation, and their interaction effects on grain nutrients (N, P and K) uptake of water, thus soil nutrients leaching might have reduced. Similar result was reported by Agbna et al. (2017) . In all irrigation treatments, biochar improves the soil chemical and organic matter properties. However, the main effects of I, B and F were all significant in their effects on the soil chemical and organic matter of a sandy clay loam soil, which is predominantly sandy. The significant impact of irrigation on the soil properties might be because of the soil texture of the experimental site. The soil texture is associated with rapid downward movement (infiltration) of water (Faloye et al. 2019) which might lead to leaching of soil nutrients. Fertiliser application improved soil nutrients under all irrigation treatments.
Conclusion
The economic profitability/loss of maize at maximum production with biochar and fertiliser applications under drip irrigation were investigated in this study. In addition, the influence of biochar and fertiliser treatment on the nutrient composition of the maize grain under different irrigation regimes were investigated as well. Biochar addition improves the availability of soil nutrients for maize growth which improved yield under all irrigation treatments. Irrigation (I), fertiliser application (F), biochar amendment (B) as well as the interactive effect of fertiliser and irrigation treatments, had significant influences on maize grain yield. The yield function derived from their ternary combination appropriately segment their contributions. Pareto analyses showed the strength of the main effects followed the sequence I > F > B, while the interactive effects were F × I > B × F > B × I in terms of grain yield. The B × I with the least strength reduced economic loss better than the F × I. Moreover, the ternary combination of F, B and I best reduced the economic loss. The outcomes of the economic analysis under water-limiting conditions provide information for irrigation practitioners and soil scientists to make appropriate decisions in optimizing investment. Further research is, however, recommended for long-term basis assessment of the ROI when integrating biochar with fertiliser under irrigation. Data are means of three replicates; ns, not significant; *, significant at P ≤ 0.05; **, significant at P ≤ 0.01; ***, significant at P ≤ 0.001; ****, significant at P ≤ 0.0001 for both main effects of biochar, fertiliser and irrigation, and their interaction effects on pH, OM (organic matter), total nitrogen (N), available phosphorus (P), available potassium (K) and cation exchange capacity (CEC) 
